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“SUJQMIW

Flamespeedsbasedontheinneredgeoftheshaduw
laminarBunsenconeweredeterminedformethane-airand
mixturesasfunctionsofcompositionat initialmixture
rangingfrom34°to 344°C. Thedatashowedthatflame

castby the
ethyl&e-air.
temperatures
speedincreased .

witht&peratureat au increasingrate,as didsimilarda~areported
earlierforpropaneandair. Theflamespeedswerefoundtobe affected
by temperatureonthebasisofpercentageinthedecreasingorder,
methane,propane,andethylene.Theflamespeedu fornoneofthese
fuelswasexactlyproportionalto a powerofinitialtquperatureTo;
however,apprmimateequationsforflamespeedin centimetersper
second(basedoninneredgeof shadow)foruseinthetemp~aturerange
34°to344°C weredeterminedtobe asfoilows:

Formethane,

u = 0.000780T01J39

\
forpropane,

u= 0.00246T01072

andforethylene,

u= 0.00971ToI.565

.

Part,ofthedatawererecomputedonthebasisofthesurfaceindicated
by theouteredgeoftheshadawcastby theflamecone.Fora given
fuel,theratioof outer-edgevalueto inner-edgevaluewasconstant
withrespecttobothtemperatureandcomposition,withintheaccuracy
oftheouter-edgemeasurements.Flamespeedscalculatedfromthepre-
cedingempiricalegpationscouldthereforebe-convertedto outer-edge
valuesby multiplyingby theconstants0.900,0.885,and0.849‘for
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2 NACATN 2374

methane,Tropane,andethylene,respectively.Outer-edgevalues(room
temperature)wereclosetovaluesobtatied.fromthevisibleBunsencone
andfrcnntubemeasurements.

Theobservedeffectoftemp=atureonflamespeedforeachofthe
fuelswasreasonab~wellpredictedby eitherthethermaltheoryas
presentedby Semenovorthesqusre-rootlawofTanfordandPease.The
importanceofactiveradicalsinflamepropagationwasindicatedby a ~
simplelinearrelationbetweenmaximumflamespeedandequilibrium
radicalconcentrateionsforallthreefuels.Equa12ygoodcorrelations
resultedfromusingeitherhydrogen-atomconc~trationdone ora s~-
mationofeffectiverelativeconcentrationsofhydrogenatoms,hydroxyl
radicals,andoxygenatmnsandusingeitherflametemperaturesbasedon
a sodiumD-linemeasurementfora room-temperaturemixtureor adia-
%aticflametemperatures.

INTRODUCTION

Theflame speed,ornormalburningvelocity,ofa fuel-airmixture
isa fundamentalpropertygoverningflamepropagation,whichis oneof
theseveralmajorprocessesoccurringin combusticmequipmentforflight
propulsion.Inasmuchasplotsoftheperformancedataofaircraftcan-
lnzstorsshowthatthecombustionefficiencyisrelatedto theconibustw-
inlettemperature(forexample,referenees1 ad 2),lmmwledgeofhow
temperatureaffectsthefundamentalccmibustionpropertiesofthefuel-
airmixtureisdesirable.Consequently,aspsrtofthecombustion
researchprogramat theNACALewislaboratm’y,an investigationwas
initiatedto studytheeffectofinitialmixturetemperatureonflame
propagation.Theeffectoftemperatureonflamespeedsandstability
limitsofpropane-airflamesisreportedinreference3. An extension
oftheflame-speedphaseofthistivestigationto includetheeffectof
temperatureonmethane-airSJN3ethylene-airflanesisreportedherein.

Previouswork(reference3) showedthat thefhme speedofpropne-
airmixturesincreasedwithtemperatureat an increasingrate. Itwas
shownthatthethermaltheory& flamepropagation,aspresentedby
Semenuvinreference4 forbtiolecularreactions,predictedtheeffect
ofinitialmixturetemperatureonthemaxhumflamespeedofpropane-
airmixtureswithinapproximately5 percent.Itwasfurthershownthat .
thesquare-rootlawofTanfordandPease{references5 and6?,whichis
basedonthediffusionofactiveparticles,.predictedrelativeticreases
inmaximumflamespeedthatwereasmuchas35percentlowerthanthe
experimentalresults.SubsequentreevaluationM thetemperaturedepend-
encepredictedby thesquare-rootlawhasshown,howeverjthattherela-
tiveincreasespredictedby thistheoryforpropanewe within14per-
centoftheqerimental.results..

.

3
rl
N

___ ..— —. .———-— — .— .—. ———



.

NACATN 2374

Ihasmuchastheactivationener~
importsntfactorinthethermal-theory

3

oftheoxidatimprocessisan
equations,itwasdecidedto

obtainflame-speed- temperaturedatafa-a gase&sfuelhavingan
activationenergyappreciablyclifferentfromthatofpropane.Methane
wasselectedbecauseithasanactivationener~ of52kilocaloriesper
m-mole (fr~ ~pfili.shedAta obtainedbyA. D.Walsh,LeedsUnivm-
sity,England),comparedwith38kilocaloriespergram-moleforpropane
(reference7,p. 437).

Itwasalsothoughtthatdataforethylene,whichhasshownancma-
10USbehavimin othqrcorrelations(reference8)whencomparedwith
otherhydrocarbons,wouldbe ofvalue.Theactivationenergyofethyl-
ene,which”isapproximately40kilocaloriesp= gram-mole(reference9),
doesnotdiffermuchfromthatofpropane.

Thepresentreportcontainstheresultsof a study oftheeffe=t
ofinitialmixturetemperatureovertherangeof34°to 344°C onthe
laminarflamespeedsofmethane-airandethylene-airmixtures.The

, flamespeedswerecomputedfrommeasurementsbasedontheinneredgeof .
theshaduwcastby theBunsencone;theshadowgraphswereobtainedwith
a psrallel-beamshadowgraph‘system.Theflame-speedvaluesthus
obtainedarecomparedwithvsluesobtainedby othermethods.

Methane,propane,
tiveincreaseinflame
isalsomadeamongthe
effectsoftmperature
diffusiontheories.

andethylenesrecomparedonthebasisofrela-
speedwithinitialtemperature.A comparison

experhental.datafareachfuelandtherelative
onflamespeedpredictedby thethermland

SYM80LS

Thefollowingsyuibolsareusedinthisreport: . .

A

Di

Di,r

%

E

.

longitudinalcross-sectionslareaofcone,(sqcm)

diffusioncoefficientofithradicalat initialtemperature

relativediffusioncoefficientofgivenactiveradicalwith
respectto otherradicals

diffusioncoefficientofradical.atmeancombustion-zone
temperature

activationenergy,(cal/q3m-mole)
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n

Pi

R

s

Ta-r=

Tf

TO

u

heightofcone,(cm)

constantforgivenfuel

slantheightorlengbhofgenerat~ curve,(&)

I’WLOA‘IN2374

constantexponentforgivenfuel

molefractionorpartialpressureofithradicalinlmrnedgas

gasconstat,(cal/(gra&mole)(OK))

@&ral surfacesrea,(sqcm)

{T. + Tf)/2
flsmetemperature,(OK)

initial mixturetemperature,(OK)

flamespeed,(cm/see)
●

Enmmmmm PRWEEURE

Apparatus.- Theapparatusandtheexperimentaltechniqueusedfor
1

themeasurementofflamespeedwereessentiaJJythesameasreportedh
reference3. Theappsratusis tiagranmatica31yillustratedinfigure1.
Inbrief,thefuelandtheairweremetered,mixed,electricallypre-
heated,andburnedabovea verticalbrasstube.Formethane,.a
120-centimeterlengthof15.7-millimeter-inside-diametertibingwas
use% whereas,forethylene,a 120-centtieterlengthof6.3-millimeter-
inside-diametertubingwasused. Thesmallertubefiameterfor
ethylenewasnecessarybecauseofthehigherflashbackvelocitylimit
ofethylene,whichr“esultsfromitshigherflamespeed.Temperatures
weremea~ed withtion-constantanthermocouples.Thegastemperature
attheburnerportwasperiodic&lQcheckedby locat@ an aspirating
thermocouple(reference10)OV= thecenterofthepti. Thegastem-
peraturesattheburner-tubeinlet(thermc+muple“O”)andatthepcmt
(thermocouple“’C”) weremaintainedwithin10°C ofeachother.The
pmallel-beamshadowgraphsystemis schematicallyshownabovetheburner
portinfigure1. . .
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Onemodificationtotheoriginalapparatusconsistedinfastening
a smallresistanceheatertbthebottomd theburner-lipcollarto
permitclosecontroloftheliptemperature.h theprop~e-~ ~~es-
tigation,theliptemperature&s establishedby theheatingdueto
theflameitse~.

Fuels.- Theminimumpurities claimedby thesuppliersofthe
methaneandethylenewere99.0and99.5percent,respectively.The
propane(referenee3)hada ~ purityof95.0percent,themajor
-ities beingethaneandisobutane.Laboratoryserviceaircon-
tatig appro~tely 0.3-percentwaterby weightwasused.

Computationofflamespeed.- Flamespeedsweredeterminedfrom
theshadowgraphsby thetotal-sreamethod,whereintheaveragenormal
flamespeedisequaltothe
tie dividedby thesurface
zone.This
surfacecan
revolutionj
.

s&facesxea S
be appro~t ed
thus,

volumerate offlowoftheunburiedmix-
areaoftheconeformedby thec@ustion
wasdetermined
by therelation

s = YUII/h

by assumingthattheflsme
forccmicslsurfacesof

(1)

A typicalshaduwgraphis showninfigure2. Thelo~itiainn~
cross-sectionalconearea A wasdeterdnedby measuringa nmgnified
imageofthq.shadowconewitha planimeter;themagnified~ge was’
obtainedby tracingtheinneredgeoftheshadowfromtheprojected
imageoftheshadowgraph.Becauseofinaccuraciesintracingand
usinga plsmimeter,a scatterinthecomputedpointsresulted,espe-
ciallyforthetall,slenderethjleneflames.Theprecisionatthe
highertemperatureswas4 percentforethylene.Thisscatterwas
diminishedby: [1)determiningtheaveragevalueof A/h fordl
thecomputedpointsata giventemperature,(2) recomputingflame-
speedvsluesforoneofthepointsonthebasisoftheaverageA/h:
and(3)comptrbingtherestoftheflame-speedvalues
correctedpointby a ratioof coneheightsaccord@
U2= u1h~h2. Thisprocedureessentiallyamountsto
inreference11,

RESULTSANDDISCUSSION

fromthialr’ea&
to theeqwtion
themethodused

Infigure3, flamespeedisplottedagainstpercentageoffuelby
volumeat eachofsixinitialmixturetemperaturesrangingfrom34°to
344°c. It isassumedthatnopreflamereactionhasoccurreddurtig.
theshortpreheatingperiod(lessthan2 see)atthesetemperatures

—- ..-. — .._ _--— -—— _ —.
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(reference7,pp.406,
approximateel.y1500fa
mixtures.Eachofthe
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al) . Thestream-flowReynoldsnumberwas
methane-airmixturesand2000forethylene-air
curvesshowsthatthemaximmflamespeedfora

@ven temperatureoccursata mixturecompositionrmher thanstoichio-
metric.5ese flame-speednudmumsfromfigure3 sreplottedagainst
temperatureinfigure4(a)to showtheeffqcLoftemperatureonthe
mSmum flamespeed.Thecurvefromreference3 forthepropane-a3r
mixtureisincludedforcomparison.Forfurthercomparison,a log-log
plotofmaximumflamespeedagainsttemperaturefm?thethreefuels
ispresentedinfigure4(b).Noneafthecurvesinfigure4(b)may
he exactlyrepresentedby a straightline.Foranapproximaterela-
tion,however,an equatimofthetype

u=k Ton

maybe used. Theeqpaticms,foundby theleast-sqmes methodfr”omthe
pointsplottedinfigure4(b)(basedontheinneredgeoftheshadow)
forthethreefuels,are:

Formethane,

u= 0.000780T01”89

forpropane,

u= 0.00246T01”72

andforethylene,

u= I.5650.00671To
.

Thesevaluesshouldnotbe usedforextrapolationtohigherorlower
temperaturesuntilfurtherexperimentaldataareavailable.

h figure5,thepercentageincreaseinmaxhumflamespeed,
referredtotheflamespeedat34°C, isplottedagainsttemperature.
(Thevalueforpropaneatthistemperaturewasobtainedby interpok-
tionfromfig.3 ofreference3.) Theflamespeedsofthesethree
fuelsareagainseentobe affectedby temperatureinthe&creasing
or~, methane,propane,andethylene.

———.—_ —. ———— ——- ..__
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Flamespeedsbasedonouteredgeof shadow.- As indicatedinrefer-
ences9 and12,themaximumdensitygradientismorene~ly represented
by theouteredgeofthe,shaduwthanby theinnere+e, becauseofthe
‘mannerinwhichtheshadowofa flameconeisproduced.Ifthelocus

$+’
ofmaximumdensitygradientistakento co~espondtotheflamefront,
thenabsolutevsluesofflamespeedshouldbebasedontheouteredge

G oftheshadow.In orderto obtaincorrectionfactorsthatcouldbe
usedto converttheflame-speedvaluesplottedinthefiguresofthe
presentreporttovsluesbasedontheouteredgeoftheshadow,a group
ofpointswasselectedateachtemperatureforeachfuelandwasrecom-
putedonthenewbasis.Eachgxoupconsisted&l?me pointrepresenting
theleanestmixturestudied,onepointnesrthecompositionformsxhmnn
flamespeed,andonefor.therichestmixturestudied.Plotsof
18pointsso selectedforeachfuelreveslednotrendsforthecor-
rectionfa@ orwithrespectto eithermixturecompositionortempera-
ture;thearithmeticmeanvalueofthefactorsforall18poibtsfora
givenfuelwasthereforeconsideredtobe thebestvalueovertheranges
ofcompositionandtemperaturestudied.Inasmuchasalldatapointsfor ~
onefuelwduldthenbe correctedby thesameconstantfactorforthat
fuel,suchcorrectionwouldnotchangetherelativeeffectsoftempera-
tuxeonflamespeedshowninfiguresofthisreport;thatis,itwould
merelyshifttheordinatelogscaleinfigure4(b)andcompressthe
ordinatescelesintheremaininnfigures.Theempiricalequaticms
obtainedfromfigure4(b)couldthereforebe convertedto givevslues
basedontheouteredgeoftheshadcmby nmltipl.yingby theconstants
0.900,0.885,and0.849formethane,propane,andethylene,respec-
tively.Valuesbasedontheinsideedgeoftheshadowarepresented
hereinbecausetherequiredmeasurementsweremoreeasilyandpre-
ciselymadeonthisbasisan-dbecausetherelativeeffectof“tempera-
tureonflamespeedwasunaffected.

Thearithmeticmeanvaluesofthecorrectionfactorsforthethree
fuelssrepresentedintableI. Themaxbnumflamespeedat 250C was
obtainedforeachfuelby extrapolationfromfigure4(a)in orderto
comparethevaluewithvaluesobtainedby otherinvestigateorswhoused
shadow-cone,visible-ccme,andtubemeasurements{references3, 8,9,
andH to16). Theagreementamongcayectedshadow-cone,visible-cone,
andtubemeasurementsformet-e andpropaneisgood.Thepoorer
agreementbetweenvariousmethodsandinvestigatorsfcmethyleneis
proba%lydue,inpart,tothegreateruncertaintiesh measurements
ofthemoreextremeflameshapesencounteredwithethyleneinboth
Bunsenburnerandtubemethods.

.
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Comparisonofexperimentaldatawithrelativevaluespredictedby
themeticalequations.- It isshowninreference3 that,forthepur-
poseofpredictingtherelativeeffectoftemperature-onflamespeed,
thethermal-theoryequationofSemenov(reference4),fora bimolecular
reactioncontrol~g,mightbe reducedto theexpression\

‘J=%% (2)

‘ThereductimoftheSemenovequaticmto expression(2)involvesthe
assumptionthattherelationsbetweenthephysicalpropertiesandthe
temperatureforthemixturearereasonablynear”thoseforair.

W a similarmanner,thetherml-theoryequationfqrunimolecular
reactioncontrolling(reference4)maybe reducedto thefoll.owing
expression:

Ulx.1!rf
3.8% 2 e(-E/~f)

o .,‘v
Thesqusre-rwtlawofTanford

reference6 wasalsoconsideredfor
tiveeffectoftemperateonflame
expressionpresentedinreference3

where

—

(Tf - TO)G
(3)

andPeaseintheformpresentedin
thepurposeofpredicttigtherela-
speedinreference3. Thereduced
is ,.

~PiDi;r = 6.5~ + Po=+ po
i

.-

.——

(4)
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Inwrivingat expression(4),itwasassumedthatthenumberof
moleculesperunitvolumeofgasat somemeantemperatureL, shouldbe
inverselyproportionalto Tav. h reference5,however,T&fordand
Peaseapparentlyintendedthemeantemperatureto”be chosennearerto and
perhapsproportionaltotheflametemperature,forexample,0.7Tf. The
diffusioncoefficientswerealsoassumedtobe proportionalto the
squareaPtheabsolute,temperature,ratherthantothe1.67lowerused
inreference3. Cancellationsoftemperatureeffectsinvolvingthetwo-
powerrelationweremadeintheprocessof substitutingthediffusion
coefficientofradicalsattheinitialtemperatureDi forthedif-
fusioncoefficientofradicslsatthemeancombustion-zonetemperature
~ {reference5);these’cancellationsresultedintheequationpre-
sentedinreference6. If,instead,thetemperaturedependence
Da @“67 isappliedtothe ~ h thederivation(reference5)rather
thanto Di inthefinal.equationas inreference3,andif LcTf-l
is substituted,therevisedexpressionis

‘ffi=z= ‘ ,(5)
Comparisonsoftherelativeeffectsofinitialtemperatureon

flsmespeedaspredictedby ttiereducedequations(2),(3),and(5)for
methane,propane,andethylenearepresentedinfigures6(a),6(b),and
6(c),respectively.Eachofthecurveswasplottedby computingflame
speedsatvarioustemperaturesrelayiveto theexperimentalvalueof
maximumflamespeedatroomtemperature.Theexperimentalresultsare
representedby thedashedcurves.

Theactivationenergiesandtheflametemp~-aturesusedinplotting
thetheoreticalcurvesinfigure6 arepresentedintableIX. Theflame
temperaturesarebasedonsodiumD-linemeasurementsofflametempera-
turesofmixturesatroomtempkratme(reference17). Therelations
forthechangeinflametemperatureATf withchangeininitialtem-
peratureAT. weredetermined’frcmadiabaticflame-temperaturecalcu-
lationsby themethodofreference18. Equilibriumraticalconcentra-
tionsneededforthesqyare-rout-lawcurveswerecalculatedby the
graphicalmethodofreference19 andarepresentedintableIII. For
eachofthefuel-ahmixtures(aircontainingO.3-percentwaterby
weight),theradicalconcentrationswerecalculatedfcma seriesof
arbitrarytemperatures,whichticludedtherangeofflametemperatures

\
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10 NACATN 2374

consi&ed. IntermediatevaluesofradicalconcentrationscorresponMng
to specificflametanperatures,whichh turncorrespondedto specific
initiciltempaatures,wereobtatiedfromtableIIIby logarithmicinter-
polation.Althoughtheradicalconcentrationsformethane-airflames
intableIIIwerec~uted fora fuelconcentrationof10.0percentby
volume,whereastheflame-speedmadmumsinfigure,3occurredat
apprcdmately10.5percentmethane,it canbeshownthatthecurvesin
figures6 and7 wouldbe insensitiveto thissmdd.chmge h concen-
tration,becausetheflamespeedsat a concentrationof10.0percent
areverynearthemaximmvalues.

Thecmvesin figure6 showthatboththe&pressionsbasedonthe
thermaltheoryandtheexpressionbasedona diffusiontheorypredict
therelativeeffectofinitialmixturetqeratureonmaxdammflame
speedwithin20percent.Fw methaneandpropane,thethermsl-theory
curvesarein somewhatbetteragreementwiththeexp=imentsllresults
thanarethesquare-root-lawcurves;whqreasforethylene,thesquare-
root-lawcurveish asgood,orbetter,wgeementwiththeexperi-
mentalresults.

Itmustbe emphasizedthatevenqualitativeobservationsregarding
.

theabilitycfoneortheotherafthetheoriestopredicttheeffect
ofinitialtemperateonflamespeedarewibjecttotheassuqtions
madeinderivingboththeaiginalequationsandthereducedformsand
tothechoicesofvaluesfor E, Tf> and ATf. Theeffectsofusing
differentvaluesof E, l?f,and ATf forpropaneflamesis M.scussed
inref=ence3. Forexample,it couldbe shownthatusing E = 25
kilocaloriesper~am-mole,Tf= 2390°K at To= 305°K, and
ATf= 0.45ATo forpropanewouldgiv’epredictedincreasesthatwere
approximately17percentlowby thethermal-theorybimolecularequation
and17percentlowby thesquare-rootlaw. It isassumedhereinthat
thevariationof %, a termthatappearsinthesquare-rootlawto
allowforradical.reccmixination,withMtial temperatureisrelatively
smallandwouldnotappreciablyaffectthecurvesinfigure6. The
temperaturedependenceof ki,therateconstantwhichappearsinthe
square-rootlawforinteractionbetweenthe ith radicalad thecom-
bustiblematerial,hasbeenneglected.Constantvaluesof ki were
usedforhydrogen,carbonmonoxide,andmethaneflamesinreference6,
wherethevariationsinflametemperatureareofthesameorderof
magnitudeasthoseconsideredhereti.Ifthetemperaturedependenceof ‘

(-E/~f) thet~eratie effectonflamespeedki isrepresentedby e Y
dueto ki willbe
radical-hydrocarbon

.

small.,providedthattheactivationenerg forthe
reactionis small.Forexample,usinganactivatim

—.—-———.—— —— .—— —.—.
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ener~ of7 kilocaloriespergram-mole(reference6),therelative
increasesinflamespeedpredictedby thesquare-rootlawformethane,
propsae,smdethylenewouldberaisedapproximately8 percentatan
initisltemperatureof344°C andlessatlowerinitialtemperatures.

Therelativemeritsofthetheoriescouldbebetterassessedif
reliabledatafortheeffectofpressureonflamespeedwereavailable.

‘ Thethermal-theoryeqmtionspresentedinreference4 predictthatfor
a unimolecuhrreactim,theflamespeedshouldbe inverselypropor-
tionaltothesqparerootoftheabsolutepressure;whereas,fora
bimolecularreaction,theflamespeedshuuldbetidependentofpres-
sure.Thesquare-rootlawpredictsthatflamespeedshouldvsry
approximatelyinverselyasthefourthrootofthepressure(refer-
ence6). If oneofthetheoriescouldbeshownto,bethemorecon-
sistentinpredictingbothpressureandtemperatureeffects,itwould
be stren@henedconsiderably.Althoughsomepressuredata@st with
whichthispreceptmightbe tested,conflictingtrendsforthevaria-
tionofflsmespeedwithpressurefm a givenfuelhavebeenreparted
by differentinvestigators,orby thesameinvestigatorusingdifferent
expertientaLmethods,whichindicatesthatsaneofthesedatawere
influencedby theexperiment@apparatus.Forexample,h reference20
theflamespeedofethylenemeasuredlya Bunsenburnermethodwas
foundtobe inverselyproportionalto thefourthrootofpressure;
whereas,accordingto reference21theflamespeedofethylenemeasured
by a soap-bfiblemethodwasfoundbythesameinvestigatortobe inde-
pendentofpressure.

Correlationofflamespeedswithactive-raticellconcentrations.-
A correlationbetweenflamespeedand ~ piDi,rforethylene-~

mixturesofvariouscompositionsatroo~temperateisfoundinrefer-
ence9. Infigme 7(a),themsxinmmflamespeedsfromfigure4 are
plottedagainst~piDi,rcomputedattemperaturesdet&minedfrom

tableIIjtifigure7(b),maximumflamespeedssreplottedagainstcom-
putedhydrogen-atomconcentrationsatthesessmetemperatures;andin
fi~e 7(c)maximumflamespeedsareplottedagainsthydrogen-atom
concentrationsattheoreticalflametemperaturesobtainedfromrefer-
ence18. In s3J.cases,’straight-linecorrelationsareobtained.The
equationsofthesestraightlines-aregivenonthefigures.Thefact
thatthemethaneandpropanepointsfallona comnonlineinfig-
ure7(a)and7(b)maybe a fortuitousresultofthechoicesofmeasured
flsmetemperatures,inasmchastheydonotfallona camnonWe in
figure7(c),wheretheoreticalflametempmatureswereused. The”fact

.-
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thattheethylene13_neisdifferentin sllcaseswasnottoounexpected
inviewoftheanomalousbehaviorofethyleneina similarcorrelation

inreference8,inwhichflamespeedwasplotted’agatist~ piDi,rfor

a largenumberoffuelsatroomtemperature.

Thecurvesoffigure7 indicatethat,atleastfarthethreefuels
studied,themaxiwmflamespeedofa gaseousfuelmaybe accurately
determinedovera considerablerangeof initialmixturetempera-
turewhentheexperimentalvaluesattwotemperaturesareknownand
sufficientdataexist-to cmputetheadiabaticflametemperatures,and
hence,theequilibri~hydrogen-atomconcentrations.Itisrecognized
thattheslopesofthecorrelationlinesinfigure7 aremuqhsteeper
thanthoseshowninthecorrelationsinref&nces 8 and9. No explana-
tionof thedifferencesintheslopes3s offeredatthepresenttime.
Furtherexperimentsandcalculationssreindicated,theresultsofwhich
maygiveclewsasto thecontrollingmechanismofflamepropagation )
undervarious’conditions.

SUMMARYOFRESULTS

An investigationoftheeffectoftitialmixture temperatureon
thelandnsrflamespeedsofmethane-airandethylene-airmixtures,
togetherwithearuerworkwitipropane-airmixtures,gavethefol-
lowingresults:

1.me flsmespeedsofmethane,propane,andethyleneincreased
withinitialmixturetemperature”at hnincreasingrate. Thepercentage “
chsmgeinflsme”speedswasaffectedby temperatureinthedecreasing
order,methane,propane,endethylene.Althoughnoneofthesegases
showedmaximmflamespeedu tobe exactlypropcu.’tionalto a power
oftemperatureT, approximateequationsforflamespeedin centi-
meterspersecond(basedontheinneredgeoftheshadowcastby the
cone)fw useinthetemperaturerange34°to 3440C were:

,

Formethane,

U = 0.000780TO1”89 ,’

forpropane,

u= 0.00246T01”72

andforethylene,

- u = 0.C@7~ To-s

- —.
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.
2.Flame-speedvaluesbasedontheouteredgeal?the,shadowcastby

theBunsencone(tutal-areamethod)wereclosetothosebasedonloth
visibleBunsenconemeasurementsandtubemeasurementsfarmethaneand
propane,butthevsriationinvaluesobtainedby thethreemethodswas
greaterforethylene.For’eachfu~, a factorwasdeterminedtoallow
conversionofvaluesbasedonthetier“edgeofthe,shadowtovalues
basedontheouteredgeoftheshadow;theconversionfactorswere
constantwithrespe@tobothtemperaturean~composition,withh the
accuracyofthemeasurementsbasedontheouteredgeoftheshadow.The
empiricslequationspresentedinresult(1)couldtherefwebe converted
to givevq,luesbasedm theouteredgeoftheshadowby multiply3mgby
theconstants0.900,0.885,and0.849formethane,propane,andethylene,
respectively.

3.Boththethermal-themequatimspresentedby Semenuvandthe
square-rootlawofTanf~daudPease{diffusiontheory)maybe usedto
predictwithin20percentorbettertherelativeeffectoftitialtem-
peratureonflamespeedforthe@ses studied.Ofthetwotheories,the
thermaltheorygavesomewhatbetterpredictionsformethaneandpropane,
whereasthesquare-rootlawwasasgood,orbetter,forethylene;this
qualitativeobservationwass@ject,of comae,to theassumptionsmade
inapplyingtheequations.

4.Verygoods&aight-linecorrelationsbetweenmaximumflamespeed
andeitherthehydrogen-atomconcentrateionaloneorthesumationofthe
effectiverelativeconcentrationsofhydrogenatems,hydroxylradicsls,
andoxygenatomswerefoundfcmthethreefuels.E@y goodCor-
relationswereobtatiedusingeitherflametemperaturesbasedonsodium
D-linemeasurementsa adiabaticflametemperatures.5e slopesofthe
correlationlinesweresteeperthanthosereportedelsewhereintives-
tigationsoftheeffeptsofmixturecompositionandfueltypeonflame
speed.Furtherexperimentalandtheweticalinvestigationmayshoywhy
theslopesweredifferentandgivea betterinsightintothemechanisms
involvedinflamepropagation.

I

LewisFlightPropulsionLaboratory,
NationalAdvisaryComdtteeforAerona@ics,

Cleveland,Ohio,February20,1951.
I
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EFuelMethane

Propane

Ethylene

-1 -CoRRK3T~FA@?oRSFORC~ FIAMESPHZX3EA8EDON

om!EREmcF8HA.mwIyDccMPAREmoF25°cvALmswmE
vIEmLEEumm-com Am Tm3BMm8mmmm =GY

Correctiafactor

+=

Mean M-
value devl-

aticm

0.900 0.o17

0.885 0.017

+

0.849 0.O27

Flamespeedat25°C
(CII/see)

~Flamespeedat340°C
(cm/see)

~ CcmrectedVisible!llbe ImlerCorrected
edge to outer cone IIEthcil edge to outer

edge (a) (b) edge

b37,z 33.5 33.3 33.8 M7 X52

b~.g 40.8 C3EI.539.0 158 140
%5.5 e41.5
‘46,6

1

b73.7 62.5 1360.r) 68.3 229 195
’74.6
h72.O

a~~~ ~ t- ~. ~ - ~v~ at ~~ v&Iodty IIMide pyrex tube(refer- “
ence8).

bobtainedfrm figure4(a)by extrapolationarinterpolation.
cBasedontot.sl-areamethod,centerofluminouszone(reference3).
%otsl%areavalue’extmplatedto di’ametral~i)f fleme;valueof45.0cm/sec

obtdnedby stroboscopicmethod(referent
%ased onareaofconefrustrm(reference15).
‘Easedonareaofupperpartofshadowccmecmly(reference14).
g~ed onto~-mea method(reference16).
%esn valueofnumberofmeasuremantsby anglemethodat dti?fereticone positions

(refereme9).
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“ TABLEII -ACTIVATIONENERGIESAND- ~

USEDFORTEEORE!ZNXLCURVES
T

. .
Fuel !rf

(,Al)
(%) ~
(a)

Methane C52,000 2150 0.54ATo

Propane d38,000 22000 0.50AT()

Ethylene e40,000 2250 0.475ATo

aFor To= 3070 K,basedon sodiumD-linemeasurement(reference’17).
%om adiabaticflame-temperaturecalculations(reference18).
%.qxiblisheddata’obtainedbyA. D.Walsh.
‘Reference7,p. 437.
‘Reference9.

TABLEIII- EQUILIBRIUMRADICALCONCENTRATIONSBY

I I
Fuel Fuel

(percent

by volume)

Methane 10.0

.

Ftwpane 4.2

Ethylene 7.5

(4)
Z1.oo
2200
2300
2400

2200
2300
2400

2200
2300
2400
2500

I%rtid. pressure,atmxl~ ~ piDi,rxl$
I i

PH

0.274
.494
.862

1.47

POH

0.811
1.76
3.34
5.98

Po

0.0221 2.61
.0836 5.05
.262 9.20
.728 16.26

0.430
.775

1.35

1.65
2.90
5.20

0.665
1.12
1.83
2.96

0.913
1.86
3.39
5.78

0.088 4.53
.250 8.18
.720 14.68

0.0321 5.26
.113 9.25
..331 15.52
.857 25.88

%!omputedforaircontaining0.3percentwaterbyweight(reference19).
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Methane,percentbyvolume

(a) Methane-airflames.Tubediameter,1.57centimeters;stream-flov
Reynoldsnumber,approximately1500.

Figure3.- Flamespeedasa functionof percentagefuelbyvolumeat
varioustemperatures.
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oftempera~eonmaximumflamespeedfor~igure 4. - Effect
methane, propane, and ethylene.
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l?igure 4. - Concluded.Effectoftemperatureonmax-
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